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ARPA-E Authorizing Legislation

To overcome long-term and high-risk technological barriers in
the development of energy technologies

Improve
Ensure America’s Efficiency
> Economic Security
> Energy Security
» Technological Lead in Advanced Reduce 'Reduce
Energy Technologies Emissions / Imports
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Core Maxim

If it works...

will 1t matter?
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The Opportunity
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he Opportunity

The amount of waste heat in Quadrillion Btu’s (Quad or [Q]), that has been
characterized (source, temperature) in the open literature.

Sector Lol Lol i % Characterized BB Bl
0 .
Waste Heat [Q] Heat [Q] Potential* [Q]

23.1 25.4 91% 3.2
Power Generation

1.6 4.9 33% 2.1

Industrial

172 219 7% 67
Buildings 0.0 7.0 0% Unknown**
TOTAL 41.9 59.2 71% 12.0

*Work potential estimates were calculated using the characterized waste heat data and then scaled up to project the work potential for the entire sector. The implicit assumption is that
the distribution of waste heat in the characterized subset is representative of the full sector; this is likely to give an over estimate of the work potential in each sector.

**Because the building sector waste heat sector has not been well characterized in the literature, it is not possible to estimate its work potential accurately. However, most waste heat is
likely to come from lower temperature sources like exhaust streams from HVAC and dryer systems, mechanical systems and lighting.
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Projected Energy Growth 25 Years

Rapid growth in domestic oil and gas production has been driven by advances in horizontal drilling and

hydraulic fracturing, allowing the U.S. to tap vast unconventional gas reserves; by 2035, natural gas is
expected to surpass coal as the largest fuel burned to generate electricity

Electricity Generation by Fuel, 1990-2040
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U.S. Dry Natural Gas Production, 1990-2040
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Common Waste Heat Conversion — Gold Standard

(Electrical Power Generation)

* Industrial waste heat available at a temperature sufficient for
power generation (WHP) with today’s technologies

(i.e., >500°F [260°C]) are estimated to be between 0.6 to 0.8
Quads (or 6,000 to 8,000 megawatts of electric generating

capacity)! on a national basis.?

* Nonindustrial applications, such as exhaust from natural
gas pipeline compressor drives and landfill gas engines,
represent an additional 1,000 to 2,000 MW of power capacity,
for a total of seven to ten gigawatts or 0.7 to 1 Quad.

Thermal

Energy
Hexat Exchanger

Vvaste Heal

Electricity

Turbing
Generator

Fuel is combusted

“Topping Cycle”

s part of an Combined Heat & Power

industrial process

* Most common (and demonstrated) methods for waste heat

conversion are all Rankine

Waste Heat to Power Diagram

variants: Working Fluid
- Steam Rankine Cycle (SRC)
- > .5500F (2880C) - haust Heat Turbine Power]
- Organic Rankine Cycle (ORC) Heat In e Generator out
- > 300°F (149°C)
- Organic working fluid
. Condenser
- Kalina Cycle O
- 200°F-1000°F (93 — 538°C) Pump
- Water-ammonia working fluid
- 15-25% more efficient than ORCs Heat Out
Rankine Cycle Heat Engine
1. Based on a range of net generation efficiencies of 20 to 30 percent and annual load factors of 50 to 85 percent;
2. Engineering Scoping Study of Thermoelectric Generator Systems for Industrial Waste Heat Recovery, T. Hendricks, Pacific Northwest National Laboratory, W. Choate, BCS Incorporated, Report to

QirpQa-e

CHAMNGING WHAT'S POSSIBLE

U.S. DOE Industrial Technologies Program, November 2006; Waste Heat Recovery in Industrial Facilities: Opportunities for Combined Heat and Power and Industrial Heat Pumps. EPRI, Palo Alto,
CA: 2010; Waste Heat Recovery: Technology and Opportunities in the United States, Report for U.S. DOE, BCS, Incorporated, March 2008




Total Cost to Install Waste Heat Process Systems

- Costs include:
- waste heat recovery equipment (boiler or evaporator)

- power generation equipment (SRC, ORC, or Kalina cycle) Waste Heat to Power Cost Comparlson

- power conditioning and interconnection equipment Cost Gﬂmpunent
- installed costs of Rankine cycle power systems (steam,
ORC or Kalina) are fairly similar Installed Costs, $ka $21nm] - $4,GDG
- Soft costs would include: WHP Generating Costs
- designing
- permitting and . .
- constructing the system. Amortized Capital, $kWh $0.055 - $0.125

- Additional assumptions and considerations:

R ) : O&M Costs, $/kWh $0.005 - $0.020
- Representative costs shown represent a range of project
sizes (< 400 kW to > 5 MW) and site complexity [ — \
- Capital costs
- amortized over 10 years based on a 15% cost-of-capight\am’tﬂr Cost, $/kWh $ﬂ.ﬂw D

- 7,500 annual operating hours (312.5 days) . » -
- Operation and maintenance (O & M) are relatively low Source: ICF Intemational estimates. 2012

- There are no fuel costs for true WHP projects

U.S. EPA Combined Heat and Power Partnership (CHP) “Waste Heat to Power Systems” document 2015-07
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Cost Considerations Per Technology

Onptions for Heat Recovery via Power Generation

Dzl Temperature
Conversion P Typical Sources of Waste Heat Capital Cost
Range
Technology
Traditional Steam MH Exhaust from gas turbines. reciprocating $1100-
Cycle ® o engines. incinerators, and furnaces. 1.400/kW*
. oo 1 d __ Gas turbine exhaust. boiler exhaust. cement $1100-
Kalina Cycle L.M. kilns 1.500/kW*
Organic Rankine I M Gas turbine exhaust. boiler exhaust. heated $1.500-
Cycle °¢ ' water. cement Kkilns 3.500/kW*
Thermoelectric M-H Not yvet demonstrated in industrial $20.000-
Generation " applications 30.0000/kW*°
PLEZDEIE:CTI‘IE I Not ?fet F161110115t1'ated 1 industrial $10.000.000/KW*
generation applications
Thermal | M-H Not yet F161110115t1‘ated in industrial N/A
Photovoltaic applications

a. Sean Casten, 2003. Update on US Steam Turbine technology. Presented to Canadian District Energy Association
8th Annual Conference June 20th 2003.

b. BCS, Inc.. Engineering Scoping Study of Thermoelectric Generator Systems for Industrial Waste Heat Recovery
¢. Daniel Duffy. “Better Cogeneration through Chemistry: the Organic Rankine Cycle

d. based on cement kiln waste heat recovery project economics. Mark Mirolli, “The Kalina Cycle for Cement Kiln
Waste Heat Recovery Power Plants.” Cement Industry Technical Conference, 2005. 15-20 May 2005.

e. “Organic Rankine Cycle for Electricity Generation. http://www.stowa-selectedtechnologies.nl

f. Paul Cunningham, “Waste Heat/ Cogen Opportunities in the Cement Industry” Cogeneration and Competitive
Power Journal. Vol 17, No 3 p. 31-50
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The Provocation

“Comparison of total work potential from different waste heat sources showed that
the magnitude of low-temperature waste heat is sufficiently large that it should not
be neglected in pursuing RD&D opportunities for waste heat recovery.™”

*Source - U.S. Department of Energy Industrial Technologies Program report: “Waste Heat Recovery — technical and Opportunities in U.S. Industry, prepared
by BCS, Inc. March 2008”
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The Big Opportunity Is In Lower Quality Heat
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Medium High
T;<230°C 230°C<T, <650°C T,>650°C

S\
W Waste Heat (T_=25°C)
I m Work Potential (T:=25°C)
Low

Temperature Range for T,

Source - U.S. Department of Energy Industrial Technologies Program report: “Waste Heat
Recovery — technical and Opportunities in U.S. Industry, prepared by BCS, Inc. March 2008”
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Waste Heat versus Exergy - Is the Climb Worth the View?

Industrial Waste Heat*

—Thermal Energy

—\Work Available
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e e le /é\ Source - U.S. Department of Energy Industrial Technologies Program report: “Waste Heat
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Maximum Theoretical Efficiency
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Source - U.S. Department of Energy Industrial Technologies Program report:
“Waste Heat Recovery — technical and Opportunities in U.S. Industry, prepared by BCS, Inc. March 2008”
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Limitations On Effective Heat Transfer

Influence of Temperature Difference on Required Heat Exchanger Area

10,000
9,000 - — u = 5W/(m2+ K)
< 8,000 - = U=10W/(m?- K)
E — u 25 W/(m2 + K)
w 1,000 — U=75 W!{m-? R ) Where: Q = UAAT
@ (W or Btu/s)
< 6,000 -
E Q = heat transfer rate
E’ 5,000 + U = heat transfer coefficient
o A = surface area of the heat
ﬁ 4.000 4 exchanger
IL{ ’ AT = temperature difference
between the two streams
= 3,000 -
D
T 2,000 -
1,000 -
0 T T T T e q
0 200 400 600 800 1,000 1,200

Difference in Temperature Between Heat Source and Heat Sink (°F)

The Influence of Source and Sink Temperature (AT) on Required Heat Exchanger Area
Source - U.S. Department of Energy Industrial Technologies Program report: “Waste Heat Recovery — technical and Opportunities in U.S. Industry, prepared by BCS, Inc. March 2008”
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Operational Cost Comparison: TEG

Example

A cost comparison of competing power generation technologies (LeBlanc et al. 2014)

. . . Svstem Cost Properties, materials/device effigreMsy, and cost for different families of thermoelectric materials
Application Temperature Power Generation Technology Y ($/W) Material Family m Temp o] Effidency | Average Material
Geothermal $4.14 Cobalt Oxide 14 727 12% = (Slk?aas
Half-Heusler Thermoelectric $125.05 Clathrate 1.4 727 12% $5,310
Low (Bu”( ng.25Hf0_25Ti0_5Ni5n0_9945b0_005] z:ia':cogenide ggg ;;; 12: SGSII;:S
(T, = 100 °C) Silicon Nanowire Thermoelectric 3104.18 Half -Heusler 142 ) 477 17% $1,983
Skutterudite 1.5 427 18% 5562
Chalcogenide Thermoelectric $62.44 Silicide \ o093 727 9% $151
(Nanobulk Big s2Sb; azTes) ; \/
Organic Rankine Cycle $4.00
Concentrating Solar Power $3.60
PV Target $1.00
MEd'“": Sklf::slr: f,fgj E,Tn:iré‘;f;'jff”“ »19.02 For Low Quality Waste Heat Source
(Th = 250 °C) Half-Heusler Thermoelectric $14.45 - Need Two Orders of Magnitude
[BLI“( nglz_r,Hfa_gsTia_g,Ni5n0_9945b0_505) Drop in SyStem Costs
Chalcogenide Thermoelectric $11.92 _ _
(Nanobulk Big.s2Sbs 4sTes) ’ For Medium Quality Waste Heat Source
Nuclear 5.34 - Need Slightly Greater than One
Coal $2.84 Order of Magnitude Drop in
Natural Gas 50.98 System Costs
High Silicide Thermoelectric $5.56
(T, = 500 °C) (Bulk_MEzSIn.55na.4} : For High Quality Waste Heat Sogrce
Chalcogenide Thermoelectric $5.06 - Need a 2 to 5-fold Drop in
[BLI”( AgpbigShT62g} . System Costs
Half-Heusler Thermoelectric $4.48
(Bulk Zrg >5Hfp 25 Tig sNiSNg.994Sbg.008) ’

: Y . - LeBlanc, S., Yee, S. K., Scullin, M. L., Dames, C. & Goodson, K. E. Renewable and Sustainable Energy Reviews, 32, (2014) 313- 327; Seshadri Group
- il I)\i ° - (2013) Energy Materials Datamining. U.C Santa Barbara Materials Research Laboratory; DOE Pre-Decisional Draft (QTR Chapter 8) “Thermoelectric

CHANGING WHAT'S POSSIBLE Materials, Devices, and Systems: Technology Assessment” February 13, 2015.



San Francisco Workshop Day One

Agenda Review

and Workshop Flow
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San Francisco Workshop Agenda Day One

Tuesday, 12/13

Time Event

9:00 — 11:00 AM | Individual meetings with Dr. Joseph King and his technical team

11:00 — 11:45 AM | Registration and Lunch

11:45 AM - 12:00 PM | Welcome and Intreduction to ARPA-E
Dr. Ellen Williams, Director, ARPA-E

12:00 - 12:20 PM | Lower Grade Waste Heat Recovery — Goals, Opportunities and Areas of
Interest
Dr. Joseph King, Program Director ARFA-E

12:20 — 12:50 PM | Workshop participant introductions

12:50 — 1:15 PM | Thermomagnetics and Multiferroics
Guest Speaker: Prof Bharat Jalan, Universify of Minnesota

1:15—-1:40 PM | Rectennas
Guest Speaker: Dr. Patrick Brady, Redwave Energy

1:.40 — 2:.05 PM | Thermoacoustics
Guest Speaker: Prof. Robert Keolian, Pennsylvania State University

2:05 — 230 PM | Metamaterials and Material Synthesis
Guest Speaker Dr. Augustine Urbas, Air Force Research Laboratory

2:30 - 2240 PM | Breakout 1 Overview
Dr. Joseph King, ARPA-E

2:40 — 3:00 PM | Break/Networking
3:.00 — 5:00 PM | Breakout Session 1

5:00 PM | Informal Networking/Dinner — Organize on Your Own

5:30 — &8:00 PM | Individual meetings with Dr. Joseph King and his technical team
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San Francisco Workshop Agenda Day Two

Wednesday, 12/14

Time Event

700 -8:00 AM | Breakfast

2:00 - 8:10 AM | Day 1 Summary/Readout and Day 2 Objectives
Dr. Joseph King, ARPA-E

8:10 — 8:35 AM | Thermoelectric Generators and Thermionics
Guest Speaker: Prof. Mona Zebarjadi, University of Virginia

8:35 - 9:00 AM | Heat Transport — Capture and Rejection
Guest Speaker: Prof. Gang Chen, Massachusetts Institute of Technology

9:00 —9:25 AM | Mechanical Systems
Guest Speaker: Prof. Todd Bandhauer, Colorado State University

9:25 —9:30 AM | Breakout 2 Overview
Dr. Joseph King, ARPA-E

9:30 — 9:50 AM | Break/Networking

9:50 — 11:45 AM | Breakout Session 2

11:45 - 11:50 AM | Wrap-up

12:00 — 1:00 PM | Individual meetings with Dr. Joseph King and his technical team
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What happens post-workshop?

Team: using ALL info:

Develop proposed performance metrics
Define program technical areas and structure

Program proposed to ARPA-E

If program approved, FOA in early-mid 2017

Qrpcre

U.S. Department of Energy

Mileage

: NITED )

Advanced Research Projects Agency — Energy | .l
Request for Information (RFI) 3
DE-FOA-0001580 Lower Grade Waste Heat Recovery Workshop
o December 13.14, 2016
Hiton San Francssco Union Square]
. 313 OfFarred S, San Francisco, CA B4102
Waste Heat Devices Tunsday, 1213
Time. Event
2.00-11:00 One-on-one meetings with Dr. Joseph King, Program Director
1 . . 1100 - 1200 PM | Regsiration and Lunch
DEPARTMENT OF T 250 Tt o R
| | B ans Bre Ao
1200-1220PM | Lowsr .
G Jnsept) King, Progyam Director ARPAE
12201245 P | Guest spesker 1 Thermomagnetics and Mullferroics
Guest Speaker. Bharal Jalan, Lnwersdy of IAnnesota
Renewable Ener T
Guest Speaker. Potick Bracl, Redhewe Energy
A 110 135PM | Guest speaker 3 Thermascoustic
Guest Spaaker. Raben Kaolan, Pennsyfvanis Stals Liversty
ﬁ EERE-BTO Psikick 135-200PM | Guest spsaker & Metamaterials and Matsrial Synthesis
Guest Speake. Augustne rbas, Av Force Research Labevalory
Bmphenol Advanced Sensors EPRI Spruce Capital
200-230FM | BreakMNetworking
fAinalog Devices Inc. FIU SR International +
230 240PM | Breakout 1 Overview
INL GE Global Research/Al & LearningStony Brook University O Joseph King, ARPA=
240-500PM | Breakout Session 1: 3 paralle breakouts
fipsis Automation, LLC IBM T.J. Watson Research Center Syracuse University IR Plasmenics, Rectennas. Semiconductor Diode
T H L H t firchitectural Applications Infineon Technologies Telkonet i e
eaming LIS bosch Ingersol-Rand Temple Univ T e A
Boston University LBNL The Univ. of Texas at San Antonio PIRTTIVIN . A rarr——"—"
Laiifornia State Univ. Dominguez NEEA United Technologies Research
Hills Center
Cree Inc. NREL Univ. of Florida
Daikin US Corporation ORNL University of Michigan
DUKE ENERGY PARC WeatherBug Home
Ecobee Inc Phillips X
Vox, Inc. PNNL ZAN Compute
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Workshop Team:

Technical: Administrative Support:

Dr. Colleen Nehl,
Technologist (BAH)

Nancy Hicks

Senior Event Manager (BAH)

x-

Mr. Geoff Short,
Lead Engineer (BAH)

Dr. Russel Ross,
Technologist (BAH)

Colby Rachfal
Senior Consultant (BAH)

Dr. David Brown,
ARPA-e Fellow
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Facilitators:

Program Directors:

Dr. Chris Atkinson currently serves as a Program Director at
the Advanced Research Projects Agency-Energy (ARPA-E). His
focus at ARPA-E includes improving the energy efficiency of
advanced combustion devices, and energy conversion and
storage systems.

Dir. Jennifer Gerbi currently serves as a Program Director at the
Advanced Research Projects Agency-Energy (ARPA-E). Her
focus at ARPA-E includes improving energy efiiciency and
management via advanced sensing systems and storage, as well
as renewable energy generaticn via photovoltaics.

Dr. Michael Haney currently serves as a Program Director at the
Advanced Research Projects Agency-Energy (ARPA-E). His
forus at ARPA-E includes the application of integrated optics and
photonics technolegies for energy-efficient computing, switching,
signal processing, and power conversion.

Dr. Isik C. Kizilyalli currently serves as a Program Director at
the Advanced Research Projects Agency — Energy (ARPA-E).
Kizilyalli's focus at ARPA-E includes electrification, power
electronics, high efficiency power conversion, wide bandgap
semiconductors, electronic systems for extreme environments,
solar PV, instrumentation for intrinsically safe nuclear energy,
comminution, and enhanced geothermal systems. .

Dr. Michael E. deSa
Expert Advisor

Dr. Michael Ohadi
Program Director
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San Francisco Workshop Day One

Thank You For
Your Participation!

“As in other activities — it is far easier to start something than it is to finish it.”

Amelia Earhart
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San Francisco Workshop Day One

Breakout Session
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Why You: What You Bring

The Three Necessary Ingredients of Creative Individuals:

1. Continuing preoccupation with problems over a considerable
period of time;

2. Willingness to accept vaguely defined problem statements and
gradually structure them,

3. Extensive background knowledge in relevant and potentially
relevant areas.

Herbert A. Simon

(1916 - 2001)
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Wwhy You: What DOE Needs From You

“Discovery consists of seeing what everybody has seen and thinking what
nobody has thought.”

Albert Szent-Gyo6rgyi de Nagyrapolt

The Scientists Speculates, 1962
(1893-1986)

“Creativity is just connecting things.”

Steve Jobs
(1955-2011)
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